Abstract Loss of the light-sensing photoreceptors results in vision impairment and blindness, representing one of the main causes for disability in industrialized societies. Although the pathophysiology of diseases such as agerelated macular degeneration, retinitis pigmentosa, or conerod dystrophies is highly heterogeneous, the final endpoint of such conditions is the degeneration of photoreceptors with no established therapies currently available for their replacement. However, recent preclinical studies demonstrated the feasibility of cell transplantation into the adult mammalian retina. Indeed, young post-mitotic photoreceptors represent a suitable cell type for such replacement approach as they showed proper integration and maturation following grafting. Importantly, donor photoreceptors connected to endogenous neurons allowing some functional rescue in mouse models of night blindness. Furthermore, methods for the generation of transplantable photoreceptors from pluripotent stem cells in vitro have been established. Here, we will review recent developments in the field of photoreceptor transplantation and will discuss still existing roadblocks toward clinical application.
Introduction
In industrialized countries, vision impairment and blindness are primarily caused by degenerative processes within the retina, the light-sensing tissue inside the eye. Agerelated macular degeneration (AMD), retinitis pigmentosa (RP), or cone-rod dystrophies are examples of retinal degenerations that eventually lead to loss of vision. A wide range of genetic defects and several environmental factors have been identified as a cause or effectors for such retinal degenerations that show a variety of heterogeneous pathophysiologies. However, in all mentioned conditions, eventually the light-detecting photoreceptors (rods and/or cones) are lost either by direct photoreceptor damage or by dysfunction/loss of supporting cells. The leading cause for blindness in elderly people over 50 years in industrialized countries is AMD (http://www.nei.nih.gov/health/ maculardegen/armd_facts.asp). AMD is a multifactorial disease in which age, smoking, and genetic predisposition(s) were identified as major risk factors. Here, the central cone photoreceptors die and cause symptoms including color blindness (achromatopsia), reduced visual acuity, difficulties in light adaptation, and visual scotomas [1] . There are two forms of AMD: non-exudative AMD [also called dry-AMD or geographic atrophy (GA)] and exudative AMD (also called wet-AMD). In dry-AMD, cellular and protein debris, called drusen, accumulate between the retinal pigment epithelium (RPE) and Bruch's membrane, causing an induction of chronic inflammation in RPE cells that results in RPE and retinal atrophy together with the release of pro-inflammatory cytokines [1] . In wet-AMD, additionally choroidal neovascularization appears, followed by higher permeability, thinning of vessels and disruption of the Bruchs membrane integrity. Leaking vessels cause subretinal hemorrhage, fluid Tiago Santos-Ferreira and Kai Postel contributed equally to this work.
T. Santos-Ferreira Á K. Postel Á M. Ader (&) CRTD/DFG-Center for Regenerative Therapies Dresden, Cluster of Excellence, Technische Univeristät Dresden, Fetscherstrasse 105, 01307 Dresden, Germany e-mail: marius.ader@crt-dresden.de exudation, retinal detachment, and degeneration of the RPE [1] . Subsequently, mainly cone photoreceptors in the central macula area die. In GA patients, the degeneration can progress over years, while in cases of wet-AMD, sudden vision loss within days/weeks can occur [1] .
In contrast to AMD, RP is seen to be an inherited genetic disease with a prevalence of 1:4,000 [2] . Up to now, more than 100 RP-causing mutations were identified and many of them were found in more than 45 photoreceptor-as well as RPE-related genes, leading to RPE and/or photoreceptor malfunction or loss [2, 3] . Although displaying variable pathologies, in most cases initially rod photoreceptors degenerate, resulting in night blindness and reduced peripheral vision (termed tunnel vision). This is followed by secondary degeneration of cones, leading also to loss of central vision and eventually blindness [4] . Depending on the disease-causing mutation, its occurance in RP patients ranges from early (childhood) to late onset and either can result in blindness within a few years or might develop slowly, that patients never get blind within their life time [4] . Although several therapeutic approaches were reported to slow down the progression of retinal degeneration, until now no established treatments exist for these conditions. Among others, surgical interventions including removal of neovascularization [5] or translocation of the macula toward a less affected region [6] were applied in patients. Controversially discussed as well is the nutritional supplementation of RP and AMD patients with antioxidants such as vitamins A, C, E, carotenoids or zinc. Although this treatment is suggested to slow down degeneration, it also carries certain risks, especially regarding the toxicity of high doses of vitamin A when taken over extended time periods or the varying absorption characteristics of vitamin A, depending on formulation or the amount of dietary fat intake of patients [7] [8] [9] [10] [11] . However, approaches such as the intravitreal injection of anti-angiogenic factors to reduce neovascularization in wet-AMD by blocking vascular endothelial growth factor A (VEGF-A), such as ranibizumab (Lucentis, Genentech) or bevacizumab (Avastin, Genentech), revealed reduced degeneration and increased visual acuity in clinical trials [12, 13] . Additionally, promising results were achieved while treating retinal dystrophy patients by gene therapy. Mutations in the gene RPE65 lead to early onset of severe retinal dystrophy (Leber's congenital amaurosis; LCA) with development of poor vision during childhood and loss of vision later on. Replacement of the defective gene via adenoassociated virus (AAV)-mediated subretinal delivery of a vector encoding for RPE65 complementary deoxyribonucleic acid (cDNA) under the control of a human RPE65 [14] or ubiquitous actin promoter [15] showed improvements in recent clinical trials. Patients revealed enhancement in visual function as shown by microperimetry and dark-adapted perimetery [14] beside improvements in subjective and objective measurements of vision (dark adaptometry, pupillometry, electroretinography, nystagmus, and ambulatory behavior) [15] . Although patients' vision improved significantly over short-and long-term periods, their retina was not protected from an ongoing process of degeneration, indicating the need of an earlier administration or combinational therapy that rescues function and, at the same time, slows down retinal degeneration [16] . Furthermore, such gene therapeutic approach is highly specific for single, known mutations and can only be successfully implemented when applied at early stages of the disease, when most target cells are still present.
Alternatively, epi-or subretinal implantation of artificial devices, aiming to replace parts of the degenerated retina, was applied in clinical studies to patients suffering from retinal degeneration and demonstrated first promising results. Following implantation of the retinal prosthesis, visual impaired patients were able to perform motion detection tasks which they were not able to do with their native vision [17] . Additionally, identification, localization, and discrimination of objects improved significantly [18] , allowing some patients even to identify letters and words following implantation [19] .
Cell transplantation into the mammalian retina
The replacement of degenerated photoreceptors in AMD or RP patients by cell transplantation represents another promising treatment alternative. Since the late 1980s, researchers started exploring the possibility of cell therapy in the eye [20] [21] [22] [23] [24] . From then on, a wide variety of approaches were evaluated using different cell types (e.g., embryonic or postnatal full retinal [25, 26] or photoreceptor sheets [26, 27] , neural stem cells [28] , and retinal progenitor cells [29] ), which were grafted into different model organisms resulting in some improvements in visual function [30] [31] [32] . Starting with pioneering work of Peter Gouras and colleagues in the late 1980s, first pre-clinical evidence for the potential use of postnatal primary retinal cell transplantation for the replacement of photoreceptors was provided [33] [34] [35] [36] [37] . Transplanted cells were able to form rudimentary outer segments and synaptic terminals [30, 35] . Further studies by MacLaren et al. [38] and Bartsch et al. [39] identified the most appropriate cell type and correct developmental stage at which donor cells should be transplanted. Using the mouse as a model system, these studies provided evidence that young post-mitotic photoreceptors isolated at postnatal day 4 or 5 (P4/5) rather than proliferating multipotent retinal progenitor/stem cells displayed the potential to correctly integrate into the host tissue after grafting. Following subretinal transplantation, such photoreceptor precursors integrated into the host outer nuclear layer (ONL) and acquired a mature photoreceptor morphology forming synaptic terminals and both inner and outer segments [38, 39] . Interestingly, donor cells isolated from other developmental stages, including the adult retina, were also able to integrate, but in significantly lower numbers [40] . However, following transplantation, the overall integration rates of photoreceptors were very low compared to the total amount of injected donor cells and several strategies were recently evaluated to address this limitation including purification of cells suitable for integration and modulation of the host tissue.
Enrichment of photoreceptors prior transplantation yields increased integration rates
The promising results of cell transplantation studies might open the field of photoreceptor replacement therapies, but the low integration rate of donor photoreceptors demand improvements for such approach. Hence, using transgenic mice expressing fluorescent reporter proteins such as green fluorecent protein (GFP) exclusively in photoreceptors (e.g., Nrl-GFP, Crx-GFP transgenic mice), cells of the photoreceptor lineage were enriched by flow cytometry prior transplantation resulting in significantly increased integration rates [ Other cell surface antigens specific for young photoreceptors were identified, but the current lack of reliable antibodies limits their application [45] . The use of cell surface markers might be also a reliable method for enrichment of stem cell-derived photoreceptors (see below). However, combination of several markers and/or positive/negative sorting procedures might be necessary to receive highly enriched donor cell fractions as CD73 has been shown to be expressed also on other cell types including T-and B cell subsets [46] or undifferentiated embryonic stem cells (ESCs) [47 •• ] . However, despite increasing integration rates by enrichment procedures, the majority of donor photoreceptors still remain in the subretinal space of the host. As genetically marked (e.g. Nrl-GFP) or CD73-expressing photoreceptors still represent a heterogeneous photoreceptor population, including cells approximately born in a time range from embryonic day (E) 12 to P4, the identification of the most suitable developmental stage for integration and distinct sorting procedures might be advantageous to further improve transplantation efficiencies.
Influence of the host environment on donor photoreceptor integration
Other approaches were investigated to increase the efficiency of photoreceptor transplantation focusing on the host retina. Manipulation of the host environment for regenerative approaches has been performed within other regions of the central nervous system (CNS), e.g., reduction of reactive gliosis, digestion of extracellular matrix (ECM) components, or use of inhibitory antibodies in spinal cord injuries [48, 49] . Indeed, several lines of evidence suggested the influence of the host tissue on donor cell integration also within the retina. Transplantation of in vitro expanded retinal stem/progenitor cells into the embryonic-like retina of the newborn opossum allowed significant increase in the number of integrated donor cells when compared to more mature stages [50] . Furthermore, deficiencies of reactive gliosis indicators such as glial fibrillary acidic protein (GFAP) or vimentin were suggested to have positive effects on retinal cell integration into the adult mouse retina [51] . Conversely, significantly increased numbers of integrated neural stem cells within the adult rodent retina were observed following vitreal transplantation when the host retina was injured during the injection process [52, 53] , which was associated with increased GFAP expression in Müller glia cells. First studies evaluated the influence of modulations to the host retina for the integration of transplanted photoreceptor precursor cells. The ectopic expression of growth factors that showed higher expression in the developing retina such as IGF-1, FGF-2, and CNTF had only minor influence on donor photoreceptor integration into the adult mouse retina, with IGF-1 slightly promoting and CNTF reducing cell integration, while FGF-2 showed no significant effect [54] . Furthermore, pharmacologic or genetic disruption of the outer limiting membrane (OLM), a barrier formed by Müller glia endfeed and photoreceptors at the level of inner segments that seals the ONL from the subretinal space, has been shown to significantly increase photoreceptor integration [55, 56] . Another approach that allowed increased donor photoreceptor integration into the host retina was the digestion of ECM components such as chondroitin proteoglycans by chondroitinase ABC [ 
The integration process of transplanted photoreceptors
The transplantation of young post-mitotic photoreceptors into the subretinal space of adult recipients represents an artificial condition for photoreceptor migration and maturation-a situation not appearing during normal life. First investigations into this phenomenon revealed that transplanted donor photoreceptors predominantly integrate as single cells in a defined sequence of morphological changes that include movement of the cell body through the OLM and further migration into the ONL, thereby generating first an apical process that remains in the apical interphotoreceptor matrix and then a basal process growing toward the outer plexiform layer (OPL) forming a synaptic terminal [62 • ]. The integration process is almost completed within the first week after transplantation with donor photoreceptors generating synaptic contacts to endogenous second-order neurons and the formation of outer segments [62 • ]. Interestingly, the expression of late photoreceptor markers such as a-transducin was delayed compared to normal development. Additionally, some donor photoreceptors integrated as small cell groups (5-20 cells) in clusters or columns or even showed en mass entry (up to 100 cells) into the host ONL, possibly due to injury of the recipient retina following subretinal injection [62 • ]. However, the specific cellular and molecular mechanisms that allow young photoreceptors to successfully integrate into the mature mammalian retina are still not well studied. The observation of a predominant radial direction of integration suggests the involvement of Müller glia processes as they vertically span the entire retina from the OLM to the inner limiting membrane (ILM). Indeed preliminary results from our laboratory showed direct contacts between integrating donor photoreceptors with endogenous Müller glia processes (Santos-Ferreira, T and Ader, M; unpublished observation).
Long-term survival of donor photoreceptors
Despite successful integration of donor photoreceptors, long-term survival is critical for a cell replacement approach. However, a significant decrease of integrated donor photoreceptors was observed from four months on after transplantation when compared to earlier time points [63] . Although the retina is seen as an immune-privileged organ [64] , the injury and long-term existence of donor cells might induce immune responses. Indeed, activation of resident microglia and infiltration of macrophages and T cells have been observed following photoreceptor transplantation, and long-term survival of grafted photoreceptors has been shown to slightly improve following systemic immune suppression by cyclosporine A treatment [63] . However, the underlying specific mechanisms for longterm graft rejection have not been fully identified. Such knowledge might be essential for the development of distinct immune modulatory regimes as an important prerequisite for future clinical applications to avoid the need for systemic immune suppression with its deleterious side effects.
Transplantation of cone photoreceptors
Contrary to the nocturnal rodent, human vision mainly relies on cone photoreceptors. Thus, it is important to develop strategies for cone photoreceptor replacement. However, to date very little is known about cone photoreceptor transplantation [41 •• ] . Injection of Crx-positive cells isolated at E 15.5, a time point that corresponds with the peak of cone photoreceptor generation in mice, resulted in correct integration of cone photoreceptors, however, also at this ontogenetic stage the majority of integrated cells resembled rod photoreceptors [41 •• ] . Such outcome might reflect the plasticity of the donor cells at the time of isolation and the influence of the host tissue to commit donor cells to a specific cell fate. Despite these advances, the majority of studies focusing on photoreceptor replacement therapies were performed in rodents using rods. Recently, Wang et al. [65] transplanted dissociated retinal tissue isolated from the pig eye at different developmental stages into the adult pig retina. Depending on the age of the donor cells, they observed the generation of more cones when isolated at earlier stages (at E50 or E57) or rod photoreceptors when isolated at later stages (at E65) within the recipient retina [65] , in line with previous studies in mice [41 •• ] . However, the lack of an abundant source and enrichment methods for cone photoreceptors currently limits the investigation of cone photoreceptor transplantation for the restoration of cone-mediated visual function.
Generation of photoreceptors from pluripotent stem cells
P4/5 was identified in mice as the optimal developmental stage for isolation of rod photoreceptors and successful transplantation. Translation of this finding to humans would presumably require the isolation of donor cells from fetuses in the second trimester post-conception [66] . Such cell source raises critical ethical concerns beside problems associated with availability and logistics. Thus, an in vitro expandable cell source to provide high amounts of donor cells will be mandatory for the development of cell replacement therapies in the retina. Since the observation that human ESCs (hESCs) are expandable in vitro [67] and that human somatic cells can be reprogrammed to a pluripotent state (human induced pluripotent stem cells, hiPSC) [68] , the potential of pluripotent stem cell (PSC)-derived cells for therapeutic approaches are under extensive investigation. Indeed, in recent years several laboratories successfully established protocols that allowed the in vitro generation of retinal cells including RPE and photoreceptors from mouse PSCs. First attempts used 2D culture systems and the inhibition of Wnt/ß-catenin (by, e.g., noggin, Lefty A) and BMP (by, e.g., Dkk1) signaling pathways in combination with growth factors (e.g., IGF-1) to induce the differentiation of PSCs along the retinal lineage [69, 70] . Indeed, expression of early eye field markers including Rx, Pax6, Six3, Six6, and Lhx2 were observed following induction. Further differentiation induced the expression of retinal progenitor cell markers like Chx10 characteristic for the neuroretina and, on the other side, markers specific for developing RPE cells like Mitf [69] [70] [71] . Cell specification of PSC-derived retinal progenitors toward more mature retinal phenotypes was achieved by adding several components to the culture medium. For the generation of retinal neurons including photoreceptors, media compositions contained, e.g., RA, taurine, SHH, or FGFs [70] , and for the generation of RPE cells, Activin A or Nicotinamide were used [72, 73] . Stem cell-derived photoreceptors expressed characteristic photoreceptor markers including Crx, Nrl, rhodopsin, recoverin, gnat1, red green opsin, and blue opsin. However, the overall amount of photoreceptors generated by these 2D culturing methods was relatively low. On the other hand, stem cell-derived RPE cells showed the formation of cobblestone monolayers and pigmentation besides the expression of ZO1, RPE65, or bestrophin and the capacity of phagoytosis of photoreceptor outer segments [72] [73] [74] . Isolation of pigmented cells from differentiating PSC cultures and further passaging was used for the generation of almost pure RPE cell populations and recent improvements of culturing methods allow the complete direct conversion of hESCs toward RPE [73, 75] .
Recently, 3D culturing approaches of PSCs showed dramatic improvements in regard to the generation of retinal phenotypes [ 
Actually, these protocols demonstrated a remarkable degree of self-organization as PSCs generated optic cup-like structures and stratified retinal tissue in vitro. By culturing PSCs as floating aggregates in medium containing basement-membrane matrix components (matrigel; specifically laminin and entactin) retinal epithelium was generated that spontaneously formed optic vesicle-like structures expressing eye field transcription factors like Rx and Pax6 [76 •• ] . Such evaginated retinal tissue became patterned along the proximal-distal axis with the proximal part differentiating along a RPE phenotype, whereas the distal part invaginated and showed a neural retina marker expression profile reminiscent of an optic cup. Excision of such optic cup-like structures and further cultivation led to spontaneous formation of stratified retina containing three nuclear layers and distinct retinal cell types including photoreceptors, bipolar-, horizontal-, amacrine-and retinal ganglion cells beside Müller glia. Interestingly, inhibition of notch signaling by the chemical compound DAPT further promoted the generation of photoreceptors [76 •• ] . In summary, studies over the recent years provided evidence for successful differentiation of PSCs toward retinal phenotypes. Interestingly, the temporal order of stage-specific expression profiles followed in vivo retinal development and the optimization of the differentiation protocols have led to the generation of stratified retinal tissue that contained high amounts of photoreceptors. Importantly, propagation of PSCs along the retinal and photoreceptor fate was not only achieved with mouse, but also with human PSCs, however, with considerable longer time needed for the efficient generation of specified retinal neurons including photoreceptors [77 •• , 78] .
Transplantation of PSC-derived photoreceptors
The efficient generation of photoreceptors from PSCs raised the question about their potential as donor material for transplantation into the adult mammalian retina. Indeed, evidence for successful integration of mouse ESC-derived photoreceptors was recently provided [47 •• , 79, 80] . Photoreceptors were generated in these studies using a modified version of the 3D differentiation protocol provided by the Sasai group [76 •• ] . Gonzalez-Cordero et al. [47 • • ] further enriched ESC-derived photoreceptors by flow cytometry due to rod-specific expression of GFP using AAV-mediated transduction whereas Decembrini et al. [80] used a photoreceptor-specific ESC reporter line (Crx-GFP) for this purpose. In vitro-generated photoreceptors correctly integrated into the retina of adult wild-type mice as well as three genetic mouse models of retinal degeneration, similar to primary photoreceptors directly isolated from the developmental retina (see above), and formed cells with the cardinal features of mature photoreceptors, i.e., a nucleus-containing cell body in the ONL, apical located inner and outer segments beside an axonal terminal within the OPL in close proximity to endogenous bipolar cells [47 •• , 80] . Interestingly, highest integration of mouse ESC-derived photoreceptors was observed when collected for transplantation after 25/26 days of in vitro differentiation, a developmental stage closely resembling primary photoreceptors at P4-P8 in the mouse that showed highest integration rates. However, the absolute number of integrated mouse ESC-derived donor photoreceptors was significantly lower than of photoreceptors directly isolated and enriched from the developmental mouse retina [38, 39, 41 •• , 42 • , 44, 58 •• ]. Interestingly, whereas photoreceptors derived from 3D-cultured mESCs showed potential for integration into adult hosts, photoreceptors derived from 2D cultures were unable to do so [81] . This might be explained by the observation that photoreceptors from 3D cultures expressed higher levels of postnatal rod genes and might therefore more closely resemble the maturation stage of P4-P8 primary photoreceptors making them more eligible for integration.
An important topic generally discussed concerning the use of PSC-derived cells for regenerative medicine are safety issues, particularly the generation of tumors upon transplantation. Indeed, undifferentiated PSCs are characterized by teratoma formation after transplantation into host tissue including the retina [81, 82] and, thus, in a therapeutic setting the avoidance of contamination by undifferentiated PSCs within the injected cell suspension will be mandatory. Recent studies suggested two general routes to prohibit tumor growth following transplantation into the retina: (i) depletion of remaining pluripotent stem cells and enrichment of target cells and/or (ii) complete differentiation of PSCs prior to transplantation. Indeed, following a 20-day differentiation period and subsequent transplantation of PSC-derived retinal cells into wild-type or retinal degeneration mice tumor formation was regularly observed [79, 81, 82] . Furthermore, mouse iPSCs differentiated in a 2D culture system for 33 days along the retinal lineage still contained up to 30 % of cells expressing the pluripotency marker SSEA-1 [82] . However, by using magnetic bead depletion of cells expressing SSEA-1, tumorigenicity was significantly reduced and completely avoided following double depletion [82] . On the other side, prolonged differentiation times combined with enrichment of photoreceptor precursors by flow cytometry [81] and improved protocols using 3D culture systems [47 •• , 80] or inhibition of the Wnt signaling pathway [79] allowed the generation of purified PSC-derived photoreceptors that resembled the developmental stage of post-mitotic photoreceptors. Such conditions fully avoided tumor formation after transplantation into the retina [47 •• , 79, 80] .
Importantly, efficient generation of retinal phenotypes or optic cup-like tissue was also observed following differentiation of hESCs or hiPSCs [77 •• , 78, 83-86] and first studies also showed integration of hESC-and hiPSC-photoreceptors into the adult mouse retina [83, 86] leading to some visual rescue in a mouse model of retinal degeneration [83] . Additionally, methods have been developed for freezing and thawing of hESC-derived optic cup-like tissue that would allow storage and transportation of donor material [77 •• ] . However, the differentiation times for the generation of transplantable photoreceptors from human PSCs remains long, with more than 80 days of differentiation in vitro, but photoreceptor production from hESCs could be accelerated by inhibiting Notch signaling using DAPT [77 •• ] . However, human PSC-derived photoreceptors showed low integration rates following transplantation into the mouse retina [83, 86] and the formation of mature photoreceptors containing proper outer segments and synaptic terminals allowing functional repair remains to be investigated in more detail in future studies. Interestingly, a recent study by Zhong et al. [78] provided first evidence for the generation of rudimentary outer segment-like structures in vitro following prolonged (week 27) cultivation of human iPSC-derived optic cups.
Summary/Conclusion
Proof-of-concept studies in pre-clinical animal models have provided strong evidence for the feasibility of photoreceptor replacement in the adult mammalian retina. Furthermore, recent developments in the differentiation of PSCs along retinal lineages now allow the generation of sufficient amounts of donor material, and PSC-derived photoreceptors might therefore currently represent the most promising source for cell replacement studies in retinal degenerations. Further improvements in regard to integration efficiencies by modulating the recipient tissue and the directed generation of rod or cone photoreceptors beside their specific enrichment will be of utmost importance for developing cell-based strategies toward clinical applications aiming to treat retinal degenerative diseases. Whether other techniques such as direct conversion of somatic cells, as it has been reported for the generation of dopaminergic neurons for the treatment of Parkinson's disease [87] , will also allow the generation and provision of transplantable photoreceptors has still to be investigated but might represent another attractive route for generating sufficient amounts of donor material.
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